neurogenin2 (ngn2) encodes a basic helix-loop-helix transcription factor and plays an important role in neurogenesis from migratory neural crest cells. Its role in retinal development is poorly understood. We observed that in the developing chick retina, ngn2 was expressed in a subpopulation of proliferating progenitor cells. Ectopic expression of ngn2 in nonneural, retinal pigment epithelial cell culture triggered de novo generation of cells that expressed neural-specific markers and exhibited neuronal morphologies. Further molecular and morphological analyses showed that the main products of the induced neurogenesis were cells resembling young photoreceptor cells and cells resembling retinal ganglion cells. The generation of multiple cell types suggests that ngn2 induces various retinal pathways. Thus, unlike in the peripheral nervous system where ngn2 specifies one type of sensory neuron, ngn2 in the retina is likely involved in a common step leading to different cellular pathways. Our finding that ngn2 can instruct nonneural retinal pigment epithelial cells to differentiate toward retinal neurons demonstrates one possible way to induce de novo retinal neurogenesis.
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T he vertebrate retina contains five major types of neurons: photoreceptor, horizontal, bipolar, amacrine, and ganglion cells. Each cell type is functionally and morphologically distinct and resides at a stereotyped histological location. After receiving photons, photoreceptor cells initiate electrophysiological signals that are modulated and relayed by interneurons (horizontal, bipolar, and amacrine cells) to ganglion cells. Retinal ganglion cells send the information to the brain (1) . Degeneration of the retina results in irreversible visual loss. Several common eye diseases, such as retinitis pigmentosa, age-related macular degeneration, and glaucoma, are caused by death of either photoreceptors or ganglion cells (2) (3) (4) . Replacing the faulty retinal neurons with healthy ones might restore vision (5) . Yet, inducing mature retinal neurons to regenerate remains an elusive task, because they, like other neurons, are terminally differentiated and will not reenter the cell cycle.
Elucidation of the molecular mechanisms underlying retinal development bears clinical implications as it might lead to genes capable of inducing the genesis of retinal neurons for tissue or cell replacement therapies. Studies with various experimental approaches have shown that the different types of retinal neurons are generated from common multipotent progenitor cells under the instruction of intrinsic and extrinsic factors (for a recent review, see ref. 6 ). Recent reports indicate that the intrinsic factors may include a number of basic helix-loop-helix (bHLH) genes with proneural activities, such as ash-1 (7), nurogenin1 (ngn1) (8) , ath3 (8, 9) , ath-5 (10) (11) (12) (13) (14) (15) , and neuroD (16) (17) (18) .
ngn2 is a member of the neurogenin subfamily of bHLH genes homologous to the Drosophila proneural gene atonal. During mouse neurogenesis, ngn2 and ngn1 are expressed in distinct progenitor populations in the central and the peripheral nervous systems (19, 20) . Their expression patterns partially overlap in some areas but are distinct in others. Targeted mutational analyses showed that ngn1 is essential for the determination of neuronal precursors for proximal cranial sensory ganglia (21) , and ngn2 is essential for the determination of precursors for epibranchial placode-derived sensory neurons (22) . In the peripheral nervous system of the chick, ngn1 and ngn2 are expressed in a subset of neural crest cells early during crest cell migration (23, 24) . ngn2 specifies one type (trkB ϩ ͞trkC ϩ ) of sensory neurons and ngn1 specifies another (trkA ϩ ), and both genes induce neuroD (23) . Mouse and chick ngn2 is expressed in the retina (14, 15) , and the promoter͞reporter assay indicates that ngn2 can activate ath5 (15) . However, how ngn2 participates in retinal neurogenesis remains largely unknown.
The retinal pigment epithelium (RPE) consists of nonneural cells in a monolayer structure that lies immediately outside the neural retina. Unlike retinal neurons, RPE cells from several species, including human, can reenter the cell cycle when stimulated. Furthermore, their progenies may, under appropriate conditions, differentiate into cell types other than RPE (25) (26) (27) . One of the most intriguing phenomena reported is the transdifferentiation of RPE tissue into a neural retina in vivo (28) (29) (30) or in vitro (31) , under the induction of basic fibroblast growth factor (bFGF). However, bFGF-induced transdifferentiation into a neural retina can occur only in young RPE up to embryonic day (E) 4.5 in chick (29, 31) and up to E13 in rat (27) . Furthermore, bFGF has failed to induce neuronal transdifferentiation when RPE is cultured as dissociated cells (31) .
We have recently observed that dissociated RPE cells derived from an E6 chick can be guided toward distinct pathways with various stimuli. For example, ectopic expression of neuroD triggers de novo production of photoreceptor cells (16, 17) . In the presence of basic fibroblast growth factor, on the other hand, cultured RPE cells will transdifferentiate into cells that express RA4 (32) , which is a marker for ganglion cells in the chick retina (33) . Because it shares the same origin as the retina, it can reenter the cell cycle (i.e., can be cultured) and its progenies display developmental plasticity, RPE might serve as a source of cells to regenerate retinal neurons.
In this study, we examined the retinal expression of ngn2 and tested whether ngn2 could induce the genesis of retinal neurons from RPE cells. We found that during retinal neurogenesis in the chick, a subpopulation of proliferating progenitors expressed ngn2. When ectopically expressed in cultured RPE cells, ngn2 elicited de novo generation of neuronal cells, which resembled young photoreceptor cells and young ganglion cells. We propose that ngn2 in the retina, unlike in the peripheral nervous system, is likely to be involved in a common developmental event that precedes cell fate specification and can induce the genesis of different types of retinal neurons from cultured RPE cells.
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Materials and Methods
Cloning of Chick ngn2. The coding region of mouse ngn1 (also called neuroD3) was PCR-amplified from mouse genomic DNA with primers (5Ј-TAC ACC ATG GCT GCC CCT TTG GAG ACC TG-3Ј and 5Ј-CTC TGG ATC CTT ACA AAG GCC TAG TGG TA-3Ј) based on a published sequence (20, 34) . After sequence verification, the cloned PCR product was used as a probe to screen a ZAP II (Stratagene) cDNA library constructed with mRNA isolated from an E8 chick brain. Three full-length primary clones were obtained; the longest clone contained a longer 3Ј untranslated sequence of ngn2 (GenBank accession no. AF109014). Chick ngn2 was also independently isolated by Perez et al. (24) and Matter-Sadzinski et al. (15) .
In Situ Hybridization. To avoid potential cross hybridization with other bHLH genes, the coding sequence for the CЈ terminal nonconserved 61-aa and 3Ј untranslated sequence was used to synthesize digoxigenin-labeled antisense RNA probes (788 nucleotides long) against ngn2. Preparations of digoxigenin-labeled probes against other genes and the details of in situ hybridization with retinal cryosections have been described (16, 17) . In situ hybridization of cultured cells was also as described (32) . For double-labeling, dishes were subjected to in situ hybridization first, followed by immunocytochemistry.
Immunocytochemistry. MAb against microtubule associate proteins (MAP2) was purchased from Sigma (clone HM-2) and used at a 1:100 dilution. Polyclonal anti-AP2 Ab (1:500) was purchased from Santa Cruz Biotechnology. Affinity-purified antiCalretinin ( Pulse-Labeling of Chick Embryos with BrdUrd. BrdUrd (50 g) was dropped onto E7 chick embryos through a window in the shell. Four hours later, the eyes were fixed. Cryosections were subjected to in situ hybridization with antisense RNA probes against ngn2, followed by immunocytochemistry with a mAb against BrdUrd, as described (35) .
Generation of Retrovirus Expressing ngn2.
The coding region of chick ngn2 was PCR-amplified with primers based on the sequence of the full-length primary clone and subcloned into shuttle vector ClaI2Nco, from which a ClaI fragment was inserted into proviral DNA vector replication-competent retrovirus (RCAS) (36) . Recombinant viral DNA was introduced into chick embryonic fibroblast cells through transfection. Retrovirus particles were harvested as described (16) . The titer of the concentrated viral stock was 1-2 ϫ 10 8 pfu͞ml.
RPE Transdifferentiation Assay. RPE tissues were dissected from E6 chick embryos, and dissociated RPE cells were cultured as described (16) . After 3-4 days in culture, when Ϸ50% confluence was reached, 5 l of the retrovirus stock was added to each 35-mm dish, and the culture was kept for an additional 8-12 days. At the end of culturing, cells in the dish were washed twice with PBS and fixed with 4% paraformaldehyde for 20 min. After washing with PBS, the cells were subjected to immunocytochemistry or in situ hybridization. All experiments were independently repeated at least 3 times in their entirety, from RPE isolation to cell labeling.
Results

Expression of ngn2 in Proliferating Retinal
Cells. The retinal neuroepithelium is a pseudostratified structure lacking a conspicuous demarcation between the ventricular zone, which contains proliferating cells, and the mantle zone, which contains differentiating neurons. Nevertheless, within the pseudostratified structure, young neurons accumulate in their prospective locations. In the developing chick retina, ngn2 mRNA was detected in cells scattered across the retinal neuroepithelium. Double-labeling showed that cells expressing ngn2 also incorporated BrdUrd (Fig. 1A ) or expressed PCNA (Fig. 1B) , indicating that proliferating neuroblasts expressed ngn2. Note that only a subpopulation of BrdUrd ϩ cells or PCNA ϩ cells contained detectable levels of ngn2 mRNA. Some M-phase cells were also found to contain ngn2 mRNA (open arrows in Fig. 1B) .
De Novo Generation of Neural Cells in RPE Cultures Under the
Induction of ngn2. The RPE cell culture system we recently developed (16) was used to study whether ngn2 could induce de novo generation of retinal neurons. E6 chick RPE cells were dissociated and cultured for 2-4 days to reach about 50% confluence. At this point, RCAS expressing ngn2, or the green fluorescent protein (GFP), was added. Retroviral infection was monitored by immunocytochemistry with a specific Ab against a viral protein, p27. Four days after administration of the retrovirus, more than 80% of the cells in the dish became infected with the virus (Fig. 2 A and B) .
To detect the presence of neural cells, RPE cultures were examined 8-12 days after administration of the retrovirus with mAbs against two general neural markers, N-CAM and MAP2. In dishes infected with RCAS-ngn2, tens of thousands per dish of 8 cm 2 were N-CAM ϩ and MAP2 ϩ ( Fig. 2 C and E) . No such positive cells were present in control dishes infected with RCAS-GFP (Fig. 2 D and F) . N-CAM ϩ cells were often found in clusters, and the clusters were sometimes interconnected by a long cellular process characteristic of neurons (Fig. 2G) . Morphologically, both N-CAM ϩ and MAP2 ϩ cells were neural-like ( Fig. 2 G and H) . Their morphologies were clearly different from the cuboidal-hexagonal morphology of nondividing RPE cells or the fibroblast-like morphology of actively dividing RPE cells.
Because bHLH proteins are known to form homo-or heterodimers, experimental manipulation of a bHLH gene expression always creates concerns about the specificity. In the RPE transdifferentiation assay, we performed ectopic expression of two other bHLH genes, cNSCL1 and cNSCL2, and found neither could induce neural transdifferentiation (data not shown).
Presence of Young Photoreceptor Cells.
To identify photoreceptor neurons in the RPE cultures, we examined the expression of photoreceptor-specific genes and their cellular morphologies. We found tens of thousands (per dish) in RCAS-ngn2-infected cultures expressed visinin (Fig. 3 A and G) , a gene encoding a calcium-binding protein present only in cone photoreceptor cells (37) . These visinin-expressing cells were generated de novo under the induction of ngn2, because no such cells were present in any of the control dishes infected with RCAS-GFP (Fig. 3B) . Interphotoreceptor retinoid-binding protein (IRBP) was also expressed in similar numbers of cells in dishes infected with RCAS-ngn2 (Fig. 3C ), but not in the control (Fig. 3D) . In the retina, IRBP is expressed in photoreceptor cells and is involved in shuttling retinoids between photoreceptors and RPE cells. Expression of the red pigment gene, a hallmark of cone photoreceptor cells that sense red light, was also detected in RPE cultures forced to express ngn2 (Fig. 3E) . We also detected the expression of ␣-phosphodiesterase (PDE; Fig. 3F ), which is involved in phototransduction. About 10-100-fold more cells expressed the early photoreceptor markers (visinin and IRBP) than the later photoreceptor markers (red pigment and ␣-PDE). This finding might be a result of different detection sensitivities or the result of in vitro conditions being unfavorable for photoreceptor maturation.
To better preserve cellular morphology, immunocytochem- istry was used instead of in situ hybridization. (38) . Some cells developed an inner segmentlike process at the apical end and an axonal process with terminal arboration at the basal end (Fig. 3H) . Doublelabeling showed that IRBP mRNA and Visinin protein were colocalized to the same cells, with the former restricted to the inner segment-like compartment and the latter distributed in the cell body (Fig. 3I) .
Expression of Retinal Ganglion Cell Markers. We then asked whether the induction of the photoreceptor pathway was the sole downstream event of ngn2 expression. RPE cultures infected with RCAS-ngn2 were examined for the presence of other retinal neurons. To identify ganglion cells, we used both morphological criteria and molecular markers. Retinal ganglion cells typically have long axons and can be identified with mAb RA4 (33), or mAb against Calretinin (unpublished observations), or cNSCL1, which is transiently expressed in ganglion cells (39) .
RA4 ϩ were present in RPE cultures infected with RCAS-ngn2 ( Fig. 4A ) but not in a control culture infected with RCAS-GFP ( Table 1) . Calretinin ϩ cells also were present in the experimental dishes (Fig. 4B) but not in the control. We also detected the expression of cNSCL1 specifically in ngn2-expressing cultures (Fig. 4C) . Many of the RA4 ϩ and Calretinin ϩ cells displayed rather long cellular processes (Fig. 4 A and B) . Photomicrographs of RA4 ϩ cells at a higher magnification (Fig. 4D) showed that these cells resembled young retinal ganglion cells under similar culture conditions. Double-labeling revealed that RA4 and Calretinin immunoreactivities were colocalized to the same cells (Fig. 4 F-H) .
Although cells reminiscent of photoreceptor cells often appeared as clusters, cells with ganglion cell traits were more physically separated. The morphologies of the two populations were also different: the former had short processes typical of young photoreceptor cells and the latter had long processes typical of ganglion cells, indicating that the two types of cells were distinct. We directly addressed the question of whether individual cells expressed both photoreceptor and ganglion cell markers. Double-labeling was carried out to determine whether cells coexpressed visinin, the most abundantly expressed photoreceptor marker among those tested, and RA4, the most abundantly expressed ganglion cell marker. Within a cluster, the two markers labeled different cells (Fig. 4E) , further indicating that different types of neural cells were generated in RPE cultures infected with RCAS-ngn2.
Markers that label horizontal cells and amacrine cells were also used in the analysis. AP2 immunoreactivity and expression of cNSCL2, a bHLH gene homologous to Drosophila atonal, label horizontal and amacrine cells in the chick retina (40) . Both markers were induced by ngn2 in the RPE culture and they were not expressed in control cultures infected with RCAS-GFP (Table 1) . Nonetheless, fewer cells expressed these markers, compared with the photoreceptor and ganglion cell markers ( Table 1) .
Induction of neuroD. In the chick retina, neuroD appears to be specifically expressed in photoreceptor cells and their precursors (ref. 16 ; unpublished data). Ectopic expression of neuroD triggers selective de novo generation of photoreceptor cells from RPE cell cultures (16, 17) . We examined whether ngn2-induced RPE cell transdifferentiation into photoreceptor cells was mediated by neuroD, and whether there is a linear or circular relationship between ngn2 and neuroD in our RPE culture system. We detected ngn2 mRNA in cultures infected with RCAS-ngn2 (Fig. 5A) but not in cultures infected with RCASneuroD (Fig. 5B) or RCAS-GFP (Fig. 5C ), indicating that neuroD did not induce ngn2 expression.
Expression of neuroD in the ngn2 cultures was examined with affinity-purified Abs against the C-terminal nonconserved sequence of chick NeuroD (unpublished data). In control cultures infected with RCAS-GFP, no cells were found to be positive for NeuroD protein (Fig. 5F ). In cultures infected with RCASneuroD, essentially all cells were stained with anti-NeuroD Ab (Fig. 5E) . The Ab also labeled many cells in cultures infected with RCAS-ngn2 (Fig. 5D) , demonstrating that ngn2 induced neuroD expression in cultured RPE cells.
Discussion
When ectopically expressed in cultured RPE cells, ngn2 induced the expression of genes associated with photoreceptor production and differentiation (both general neuron markers and photoreceptor-specific markers). Furthermore, ngn2 induced morphological changes from nonneuronal to photoreceptor-like cells. These observations argue strongly that ngn2 is capable of triggering a cascade of gene expression events leading to a photoreceptor phenotype.
Photoreceptor cells were not the only product of ngn2-induced neurogenesis in cell cultures derived from RPE. In fact, de novo generation of ganglion cells, judged by morphological and molecular criteria, was observed. In addition, markers of other types of retinal neurons (amacrine and͞or horizontal cells) were also detected in RPE cultures ectopically expressing ngn2. These findings suggest that ngn2 induced at least two, and probably more, retinal pathways.
The presence of nonphotoreceptor neurons indicated that ngn2 exhibited a general proneural activity. However, this does not necessarily rule out the possibility that ngn2 in the developing retina specifies one type of cells. Studies have shown that some proneural genes exhibit flexibility or genetic compensation, and often double-knockouts of proneural genes are needed to demonstrate phenotypic changes in neurogenesis (9) . It is possible that when present alone in RPE cells, ngn2 exerted functions that would otherwise be inhibited by other proneural genes present in the retina. Presently, little is known about how proneural genes interact to regulate retinal neurogenesis. In any event, our observations indicate that ngn2 alone could induce cells in an RPE culture to differentiate along at least two different neural pathways.
In the developing chick retina, ngn2 was expressed in retinal neuroepithelium lacking a recognizable histological demarcation. Thus, it is difficult to judge, based on the spatial expression pattern, whether cells expressing ngn2 would develop into a single cell type or multicell types. Expression of ngn2 in BrdUrd ϩ or PCNA ϩ cells suggests that it may be involved in a developmental step before terminal mitosis. Considering the current concept that retinal cell fate specification is a postmitotic event (41) (42) (43) , expression in proliferating cells suggests that ngn2 is involved in a developmental event that precedes retinal cell fate specification. Thus, it is likely that ngn2 plays a role in the genesis of retinal neurons in general, and not a single cell type in particular. Consistent with this scenario was our observation that ngn2 led to the genesis of at least two types of retinal neurons from RPE cell cultures.
Apparently, the detailed molecular events of retinal neurogenesis are different from those of peripheral nervous system (PNS) neurogenesis. During PNS development, ngn2 specifies one type of neuron and ngn1 specifies another type. Both ngn1 and ngn2 induce the expression of neuroD and NSCL1, which are commonly expressed in both types of neurons (23) . However, in the chick retina, neuroD and NSCL1 are expressed in different types of cells (16, 39) , and neuroD plays a role in specifying a photoreceptor cell fate (16) . Furthermore, data in this report suggest that ngn2 is likely to be involved in a general aspect of retinal neurogenesis, not the specification of a single retinal cell type.
An interesting and potentially important observation was the presence of neural clusters, a typical feature of neural stem cells, in RPE cultures ectopically expressing ngn2. Not all of the cells in a cluster were labeled with anti-Visinin Ab. Visinin Ϫ cells could be young rod cells or young nonphotoreceptor neurons. They could also be undifferentiated progenitor cells. This finding raises a possibility that ngn2 might induce the generation of retinal stem cells from cultured RPE, which possibility warrants further investigation.
Various approaches have recently been explored to identify renewable sources of cells that have the potential to differentiate into particular types of neurons or neural precursors for cell-based therapies. The possibility of harnessing multipotent stem cells for neural transplantation has recently been demonstrated (44) . Among the many possible cells to use, embryonic stem cells and neural stem cells, particularly retinal stem cells, hold promise as renewable sources of cells for generating retinal neurons. Our study showed that cultured RPE cells could be guided toward retinal neuron pathways by a bHLH gene, ngn2, offering a potential source of cells for generating retinal neurons.
We thank Dr. Stephen Hughes (National Cancer Institute) for shuttle vector ClaI2Nco and proviral vector RCAS, and Dr. Steven McLoon for No. of positive cells per dish (8 cm 2 ) are indicated by ''ϩ'' for hundreds, ''ϩϩ'' for thousands, and ''ϩϩϩ'' for equal or more than tens of thousands or too many to count. The data presented were the average of data collected from at least three independent experiments with three dishes used͞counted for each marker in one experiment. PDE, phosphodiesterase. 
